Abstract. We present theoretical yields of H, 4 He, 12 C, 13 C, 14 N, and 16 O for stars with initial masses between 0.8 and 8 M ⊙ and initial metallicities Z = 0.001, 0.004, 0.008, 0.02, and 0.04. We use the evolutionary tracks of the Geneva group up to the early asymptotic giant branch (AGB) in combination with a synthetic thermal-pulsing AGB evolution model to follow in detail the chemical evolution and mass loss up to the end of the AGB including the first, second, and third dredge-up phases. Most of the relations used are metallicity dependent to make a realistic comparison with stars of different initial abundances. The effect of Hot Bottom Burning (HBB) is included in an approximate way.
Introduction
Presumably all main sequence stars with initial masses between ∼ 0.9 and ∼8 M ⊙ pass through a double-shell burning phase at the end of their lifetime, also referred to as the asymptotic giant branch (AGB) phase. During this phase, intermediate mass stars lose most of their envelope mass while they contribute substantially to the interstellar abundances of He, C, N, and s-process elements (e.g. Renzini & Voli 1981; Iben & Renzini 1983; Dopita & Meatheringham 1991) .
The most quoted work with respect to the yields of intermediate mass stars is that of Renzini & Voli (1981;  hereafter RV) who calculated the amount of matter returned to the ISM by AGB stars in the form of e.g. He, C, N, and O. Their well known results have been widely used to compare the predicted abundances in the ejecta of AGB stars with the abundances observed in planetary nebulae (see Clegg 1991 and references therein) and have been often applied in Galactic chemical evolution models (e.g. Matteucci et al. 1989; Rocca-Volmerange & Schaeffer 1990) .
In this paper, we use a synthetic evolution model similar in approach to that presented by RV to follow the chemical evolution of stars on the AGB. However, our model differs substantially from that described by RV, both in the various aspects of AGB evolution considered as well as in the parameters that best fit the observations (in particular the mass loss rate on the AGB). The model has been described in detail by Groenewegen & de Jong (1993;  hereafter GJ) and applied to various observational aspects of AGB evolution, both for AGB stars in the Galactic disk and Magellanic Clouds (GJ; Groenewegen, van den Hoek & de Jong 1995, hereafter GHJ) .
An important aspect of AGB evolution largely neglected in previous studies is the metallicity dependence of the evolutionary algorithms used. Observations show that the luminosity function and relative number ratios of carbon and oxygen-rich AGB stars in the Large and Small Magellanic Clouds are different (see e.g. GJ). One of the explanations for this is the different metallicity in these galaxies. In the actual model, we use a nearly complete metallicity dependent treatment of the evolution of AGB stars covering the first, second, and third dredge up. In addition, in GJ/GHJ take into account several new physical ingredients including the variation of the luminosity during the interpulse period, the fact that the first few pulses are not yet at full amplitude, and the detailed inclusion of mass loss and chemical evolution prior to the AGB.
Before reaching the AGB phase, the main sequence stellar composition has changed during the first dredge-up (experienced by all stars on the red giant branch (RGB)) and during the second dredge-up (experienced by stars with initial mass larger than some certain critical mass). The first dredge up occurs when the convective envelope moves inwards as a star becomes a red giant for the first time so that helium and CNO processed material are brought to the surface. Several tenths of solar masses can be lost in this phase for low mass stars (e.g. Sweigart et al. 1990; Rood 1973) .
The second dredge-up is associated with the formation of the electron-degenerate CO core after central helium exhaustion and occurs on the early-AGB (hereafter E-AGB). In this case, helium and nitrogen may be dredged up towards the stellar surface. We use the comprehensive set of metallicity dependent stellar evolution tracks provided by the Geneva group (e.g. Schaller et al. 1992) to describe the evolution prior to the AGB. However, to study in detail the influence of the first and second dredge up on the AGB yields, we also consider a metallicity dependent theoretical treatment of these phases (cf. Sect. 3) according to the recipes outlined in GJ. In both cases, the stellar evolution prior to the AGB is coupled consistently to the thermal pulsing AGB phase.
During the third dredge up, carbon is dredged up to the stellar surface by convection of the carbon-rich pocket formed after each helium shell flash (or thermal pulse (TP)). By mixing additional carbon to the envelope, the star may undergo a transition from M-star (oxygen-rich), to S-star (carbon roughly equal to oxygen), and C-star (carbon outnumbering oxygen). For stars with m > ∼ 3 − 4 M ⊙ , this transition is affected by HBB when both carbon already present and newly dredged-up carbon are processed at the base of the convective envelope according to the CNO cycle. We account for the effect of HBB in an approximate way since the details of this process are not well understood. Abundance variations during the AGB of individual elements heavier than oxygen are not taken into account.
The free parameters in our calculations are the mass loss scaling parameter η AGB for stars on the AGB (using a Reimers law), the minimum core mass for dredge-up M min c , and the third dredge-up efficiency λ. We will discuss the effect of these parameters as well as the effect of HBB on the stellar yields in Sect. 4. For AGB stars both in the Galactic disk and Magellanic Clouds, models with η AGB = 4, M min c = 0.58 M ⊙ , and λ = 0.75 including HBB are in best agreement with the observations. Part of the argumentation for this specific set of parameter values can be found in GJ and GHJ and references therein. For this set, we compute the stellar yields of H, 4 He, 12 C, 13 C, 14 N, and 16 O of AGB stars with initial mass between 0.8 and 8 M ⊙ , and initial metallicity Z = 0.001, 0.004, 0.008, 0.02 and 0.04, as presented at the end of this paper. This paper is organized as follows. In Sect. 2, we define the stellar yields used throughout this paper. In Sect. 3, we briefly describe the basic ingredients of the synthetic evolution model related to the chemical evolution of stars on the AGB. In Sect. 4, resulting stellar yields are presented and their dependence on the main model assumptions is examined. In Sect. 5, we discuss the preferred set of stellar yields with respect to earlier theoretical work and compare the abundances predicted during the final stages of the AGB with those observed in planetary nebulae (PNe) in the Galactic disk.
Definition of stellar yields
The element yield p j of a star of initial mass m is defined as the newly formed and ejected mass of element j integrated over the stellar lifetime τ (m) and normalized to the initial mass (e.g. Maeder 1992) :
where E(m, t) denotes the stellar mass-loss rate and Z j (t) the abundance by mass of element j in the ejecta at stellar age t. Note that negative yields may occur e.g. in the case of hydrogen consumption. In general, stellar yields depend on the initial stellar abundances in different manners. First, abundances in the stellar envelope Z j (t) are related in a complex manner to the initial abundances of distinct elements (e.g. helium and/or oxygen). This is particularly true for stars on the AGB as we will discuss below. To first order, we take this important effect into account by the dependence of the evolutionary algorithms used on the initial stellar metallicity Z(0), i.e. integrated over elements heavier than helium. Second, stellar lifetimes τ (m), remnant masses m rem (m), and mass-loss rates E(m, t) vary strongly with initial stellar metallicity (e.g. Schaller et al. 1992) . Third, stellar yields are defined with respect to the initial stellar abundances Z j (0) (cf. Eq. 1).
To allow for a direct comparison of the derived element yields for pre-AGB and AGB evolution phases (see below), we adopt the initial abundances as used in the stellar evolution tracks presented by the Geneva group (i.e. Schaller et al. 1992; Schaerer et al. 1993a,b; Charbonnel et al. 1993; Meynet et al. 1994) . In brief, the Geneva group calculated the initial helium abundance from:
assuming a primordial helium abundance Y 0 of 0.24 (e.g. Audouze 1987; Steigman 1989) and ∆Y /∆Z = 3 (e.g. Pagel et al. 1986; Pagel & Kaztauskas 1992) for stars in the Galactic disk. Accordingly, these tracks imply a revised solar metallicity of Z ⊙ = 0.0188 with Y ⊙ = 0.299 (see Schaller et al. 1992) . Initial abundances of C, N, and O were taken according to the relative ratios (cf. Anders & Grevesse 1989) used in the opacity tables by Rogers & Iglesias (1992) . The hydrogen content was calculated from X = 1−Y −Z. Table 1 lists the adopted initial abundances of H, 4 He, 12 C, 13 C, 14 N, and 16 O at metallicities Z(0) = 0.001, 0.004, 0.008, 0.02, and 0.04. Note that abundances are given by mass throughout this paper.
In this paper, we distinguish stellar yields for e.g. the pre-AGB and AGB phases (cf. Sect. 4). In this case, the total mass of element j ejected during mass-loss phase i (with age boundaries t i l (m) and t i u (m) in Eq. 1) can be written as:
where ∆m i = Σ j ∆m i j is the total mass ejected during phase i. Similarly, mean abundances of element j within the ejecta returned to the ISM during phase i can be written as:
The lifetime-integrated stellar yield of element j in terms of the stellar yields for distinct mass-loss phases i is given by mp j = mΣ i p i j . Since Σ j p j = 0 and Σ j Z j = 1 according to Eq. (1), the total stellar mass ejected can be expressed as:
where m rem (m) is the stellar remnant mass. In this manner, Eq. (1) also can be written as:
3. Chemical evolution in the synthetic model
We briefly repeat that part of the synthetic evolution model that is related to the chemical evolution on the AGB. Full details on the model can be found in GJ. The evolution model is started at the first TP, taking into account the changes in mass and abundances prior to the first TP, and is terminated when the envelope mass has been lost due to mass loss or if the core reaches the Chandrasekhar mass. The latter situation never occurs in the best fitting models for the Galaxy and the Large Magellanic Cloud (see GHJ, GJ).
First dredge-up
The first dredge-up occurs when the convective envelope moves inwards as a star becomes a red giant for the first time. Description of the mass loss during the RGB can be found in GJ. The convective motion dredges up material that was previously located near the hydrogen burning shell. The increase in the helium abundance, ∆Y , is given by (cf. Sweigart et al. 1990 ): Results are linearly interpolated for a given Y while the small dependence of ∆Y on Z for a given Y is neglected. The change in hydrogen is opposite to the change in helium:
Changes in 12 C, 14 N, and 16 O are calculated from:
The number ratio 12 C/ 13 C after the first dredge-up does not vary much with mass or composition (Sweigart et al. 1989) and is set to 23.
Second dredge-up
The second dredge-up is related to the formation of the electron-degenerate CO core after central helium exhaustion in stars more massive than a critical mass (see Becker & Iben 1979 , 1980 which depends both on the core mass and main-sequence abundances. The base of the convective envelope moves inward through matter pushed outwards by the He-burning shell. The treatment of the second dredge-up follows that of RV closely. No mass loss is assumed during second dredge-up.
Following GJ (and references therein), the abundances after the second dredge-up can be obtained from the abundances prior to the second dredge-up and the abundances of the material that is dredged up using the relation:
where the coefficients a and b are functions of the total mass as well as the core mass before and after second dredge-up and are given by Eq. (30) in GJ. The abundances prior to the second dredge-up are known and the abundances of the dredged up material are given by RV and Iben & Truran (1978) : The hydrogen abundance after second dredge-up was calculated from X = 1−Y −Z, with Y and Z the helium and metal abundance after second dredge-up. This was done to ensure that X + Y + Z ≡ 1 at all times.
Third dredge-up
As discussed above, the pre-AGB evolution with respect to mass loss and chemical evolution during the first and second dredge-up is either calculated according to the recipes in GJ (see previous subsections), or is taken from the theoretical evolution tracks provided by the Geneva group.
In the latter case, we use the stellar surface abundances as well as the stellar mass at the end of these tracks.
The synthetic AGB evolution model starts at the first thermal pulse. In brief, we account for the dependence of core mass on initial stellar metallicity and assume that third dredge-up occurs only if the core mass is larger than a critical value M min c . In GJ we argued that a value of M min c ∼ 0.58 M ⊙ is required to fit the low-luminosity tail of the observed carbon star luminosity function in the LMC (see below).
The time scale on which thermal pulses occur is a function of core mass as discovered by Paczynski (1975) . In GJ and GHJ, we use the core-mass-interpulse relation presented in Boothroyd & Sackmann (1988) where the increase in core mass during the interpulse period (t ip ) is given by:
A certain fraction of this amount is assumed to be dredged up:
The free dredge-up parameter λ is assumed to be a constant. In GJ we found that a value of λ = 0.75 is required to fit the peak of the observed carbon stars LF in the LMC (see below). In principle, the composition of the dredged-up material is determined by the detailed chemical evolution of the core. For simplicity, we assume that the composition of the material dredged-up after a TP is:
4 He = 0.76, 12 C = 0.22, and 16 O = 0.02 (cf. Boothroyd & Sackmann 1988 ). The carbon is formed through incomplete helium burning in the triple α process and the oxygen through the 12 C(α, γ)
16 O reaction. Newly dredged-up material can be processed at the base of the convective envelope in the CNO-cycle, a process referred to as hot bottom burning (HBB) and extensively discussed by RV. To a large extent, HBB determines the composition of the material in the stellar envelope of thermal pulsing AGB stars. The process of HBB is able to slow down or even prevent the formation of carbon stars (e.g. Groenewegen & de Jong 1994a) . Since 12 C is converted into 13 C and 14 N, it also gives rise to the formation of 13 C-rich carbon stars (usually referred to as J-type carbon stars) and 14 N-rich objects (e.g. Richer et al. 1979 ). RV treated HBB in considerable detail as a function of the mixing length parameter (e.g. α = 0, 1.0, 1.5, 2). In GJ (see for details their Appendix A) it was decided to approximate in a semi-analytical way the results of RV for their α = 2 case as it gave the largest effect of HBB. Since then new results regarding HBB have been obtained, both theoretically (Boothroyd et al. 1993 (Boothroyd et al. , 1995 and observationally for AGB stars in the Magellanic Clouds (Plez et al. 1993; Smith et al. 1995) . These results suggest that HBB is a common phenomenon that occurs at a level roughly consistent with that predicted by RV in case α = 2. In particular, Boothroyd et al. (1995) estimate that the initial stellar mass above which HBB takes place is ∼4.5 M ⊙ which is similar to the value of ∼3.3 M ⊙ predicted by RV (α=2). Observations indicate that virtually all stars brighter than M bol ≈ −6 mag undergo envelope burning . These luminosities are reached for stars with initial masses slightly below 4 M ⊙ and larger (Boothroyd et al. 1993) .
During the thermal pulsing AGB, stars lose most of their mass: typically ∼ 0.4 M ⊙ for a 1 M ⊙ star and ∼4.8 M ⊙ for a 6 M ⊙ star (at solar initial metallicity; see GJ). Clearly, stellar yields for intermediate mass stars are dominated by the mass loss and chemical evolution during this phase. After gradual ejection of their outer envelope, most AGB stars leave a white dwarf remnant usually accompanied by the formation of a planetary nebula (PN).
3.4. Tuning, calibration, and uncertainties of the synthetic evolution model
We briefly discuss assumptions and uncertainties involved with the synthetic evolution model described above. In GJ and GHJ we used observations of AGB stars in the LMC and Galaxy to constrain the synthetic AGB model. The main model parameters are the minimum core mass for third dredge-up M min c
, the third dredge-up efficiency λ, and the scaling law for mass loss on the AGB η AGB .
In GJ the following observational constraints were considered: the luminosity function of carbon stars, the observed number ratio of carbon to oxygen-rich AGB stars, the birth rate of AGB stars, the abundances observed in PNe, the initial-final mass relation, and the frequency of carbon stars in clusters of a given mass. Values of M min c = 0.58 M ⊙ and λ = 0.75 were determined predominantly by fitting the carbon star LF. A value of η AGB = 4 (assuming a Reimers mass loss law) was derived by fitting the highluminosity tail of this LF. This set of model parameters resulted in a birthrate of AGB stars consistent with other determinations and predicts that carbon stars can form only from main-sequence stars more massive than 1.2 M ⊙ , consistent with observations of carbon stars in LMC clusters. In Groenewegen & de Jong (1994a) we showed that the model with the aforementioned parameters predicted the correct observed abundances in LMC PNe. In Groenewegen & de Jong (1994b) we considered two alternative mass loss formula to the Reimers one. We found that the mass loss formula proposed by Vassiliadis & Wood (1993) could less well explain the observed abundances while a scaled version of the law proposed by Blöcker & Schönberner (1993) could equally well fit the observations.
In GHJ we applied the synthetic evolution model to carbon stars in the Galactic disk. As there yet exists no reliable carbon star LF, we used observations of carbon stars in open clusters and in binaries to determine M min c = 0.58 M ⊙ . Using similar constraints as for AGB stars in the LMC, values of λ = 0.75 and η AGB = 4 were found in optimal agreement with the observations. Thus, models for the observed luminosity function of carbon stars in both the Galactic disk and LMC do favour a high mass loss coefficient η AGB ≈ 3 − 5. This range in η AGB is consistent with additional constraints such as the initial-final mass relation for C+O white dwarfs in the solar neighbourhood (see Weidemann & Koester 1983; Weidemann 1990 ). In conclusion, a wide range of observations of AGB stars both in the LMC and Galactic disk can be explained by one and the same set of model parameters, i.e. M min c = 0.58 M ⊙ , λ = 0.75, and η AGB = 4. In the following, we will refer to this set of parameters as the standard model.
It should be noted that observations indicate that some stars do not obey the standard model predictions. In particular, the 12 C/ 13 C ratio after the first dredge-up is often lower than predicted in stars of low mass, down to 12 C/ 13 C ≈ 10. Rotationally induced mixing (e.g. Sweigart & Mengel 1979; Charbonnel 1995; Denissenkov & Weiss 1996) or initial abundances different from those adopted here (see Sect. 4) may play a role.
Clearly, the assumptions of a fixed critical core mass as well as of a constant dredge-up efficiency and mass loss parameter for all AGB stars (independent of their initial mass and AGB phase) are first order approximations. There is much debate whether or not material is dredged up at every thermal pulse, and how much. Furthermore, it seems possible that the dredge-up process is turned off when a star becomes a carbon star (e.g. Lattanzio 1989 ). Notwithstanding, this simple three parameter model can explain essentially all present-day observations of AGB stars so there appears no need for a more complicated model (although this does not prove that our model assumptions are correct). We will investigate the sensitivity of the stellar yields on the adopted values of M Boothroyd & Sackmann (1988) and are assumed to be constant. In particular, we do not consider s-process reactions which take place in the convective inter-shell. The most important effect of this process on the species we consider is through the 13 C(α, n) 16 O reaction. However, the amount of matter burnt in this reaction is probably small (Marigo et al. 1996) and apparently depends on the amount of semi-convection assumed in the models (Busso et al. 1992 (Busso et al. , 1995 .
Other uncertainties concern the detailed inclusion of HBB. In particular, the temperature structure of the envelope, the fraction of dredged up material processed in the CNO cycle, and the amount of envelope matter mixed down and processed at the bottom of the envelope may vary among AGB stars differing in initial mass, composition, and age. Nevertheless, although the details on HBB are poorly understood yet, good agreement is obtained between the standard model predictions including HBB and observations related to HBB in massive AGB stars. We will investigate the effect of HBB on the stellar yields by introducing the parameter m HBB , which defines the core mass at which HBB is assumed to operate (according to the recipes outlined in the Appendix in GJ). The default value used in the standard model is m HBB = 0.8 M ⊙ which de facto is the value used in GJ and GHJ. Other values of m HBB are discussed below.
Results
In Tables 2-21, we present theoretical yields p j for AGB stars in the mass range 0.8−8 M ⊙ in case of the standard model (η AGB = 4, M min c = 0.58 M ⊙ , λ = 0.75, and m HBB = 0.8 M ⊙ ) including first, second, and third dredge-up as well as HBB. We distinguish pre-AGB, AGB, final AGB, and total element yields at initial metallicities Z = 0.001, 0.004, 0.008, 0.02, and 0.04. Pre-AGB yields are the yields up to the end of the E-AGB. AGB yields are the yields on the TP-AGB except for the last 2.5 10 4 yr. The final AGB yields are the yields on the TP-AGB integrated over the last 2.5 10 4 yr. This distinction is made to compare with the abundances in PNe (note that final AGB yields have been omitted if the AGB lifetime is much smaller than 2.5 10 4 yr). Pre-AGB evolution is based on the Geneva group (e.g. Schaller et al. 1992) . These uniform grids of stellar models are based on up-to-date physical input (e.g. opacities, nuclear reaction rates, mixing schemes, etc.) and cover the relevant initial stellar mass range from 0.8 to 8 M ⊙ as well as initial metallicity from Z = 0.001−0.04. For stars with m < ∼ 1.7 M ⊙ these tracks have been computed up to the He flash, for 2 < m <5 M ⊙ up to the E-AGB, and for m > 7 M ⊙ until the end of central C-burning. Recently, Charbonnel et al. (1996) presented new grids of models covering the evolution (from the zero age main sequence up to the end of the E-AGB) of low mass stars with initial masses between 0.8 and 1.7 M ⊙ born with metallicities Z = 0.02 and 0.001. We note that these stars were not evolved through the helium core flash but instead were evolved from constructed zero-age horizontal branch models (see Charbonnel et al. 1996) .
For stars with initial mass above 1.25 M ⊙ , the Geneva tracks used are with overshooting and standard mass loss rates (see e.g. Schaller et al. ) . For stars below 1.25 M ⊙ , the tracks used are without overshooting (for m = 1.25 M ⊙ we include yields both for tracks with and without overshooting).
We neglect the fact that the Geneva tracks for stars with m < ∼ 1.7 M ⊙ and Z = 0.004, 0.008, and 0.04 end at the helium flash and do not extent to the end of the E-AGB. However, these low mass stars do not experience the second dredge-up and are expected not to loose much mass on the horizontal branch and E-AGB, so that the influence on the yields is negligible (see Sect. 4.4).
In Tables 2−21 , we list subsequently the initial mass m ini , element yields p j of H, 4 He, 12 C, 13 C, 14 N, 16 O, integrated CNO-yield Y CNO , total element yield Y tot (elements heavier than helium), the total amount of mass returned ∆m ej , and the stellar mass m end at the end of each phase.
We consider resulting stellar yields for various choices of the Reimers mass loss coefficient η AGB = 1−5, third dredge-up efficiency λ = 0.6−0.9, critical core mass for dredge up M min c = 0.56−0.62 M ⊙ , and minimum core mass for HBB m HBB = 0.8 and 0.9 M ⊙ (see Sect. 3). We examine the impact of these quantities as well as of the adopted pre-AGB evolution model on the predicted yields.
Dependence on mass loss
Figure 1 shows resulting AGB yields for various values of the Reimers mass-loss parameter η AGB = 1−5. The other parameters are as for the standard model (unless stated otherwise). Low mass AGB stars (m < ∼ 4 M ⊙ ) predominantly contribute to helium and carbon. High mass AGB stars are important contributors to helium and nitrogen (see below). For the standard model, element yields are smaller by factors typically 2−3 compared to the η AGB ∼ 1 case. Resulting yields increase with decreasing values of η AGB (i.e. smaller mass-loss rates) as a lower value of η results in longer AGB lifetimes and therefore more thermal pulses (assuming that the amount of dredged-up matter during a thermal pulse is roughly constant). For large values of η AGB > ∼ 5, the effect of increasing η AGB on both the AGB lifetimes and number of thermal pulses becomes negligible and the predicted yields remain approximately constant.
Dependence on initial metallicity
In general, carbon and oxygen yields increase with decreasing initial metallicity Z (cf. Fig. 1 ). This is due to the fact that dredge-up with subsequent CNO-burning affects more strongly the composition of envelopes with relatively low initial abundances (see e.g. RV). In addition, the core mass at the first thermal pulse is larger at low metallicities (GJ). Therefore, the amount of material dredged-up from the core to the envelope is substantially larger in initially low−Z AGB stars. In contrast, nitrogen yields slightly increase with metallicity as nitrogen is formed during CNO-burning by consumption of C and O. For hydrogen and helium, the sensitivity of the yields to initial metallicity are mainly due to the effect of dredgeup, i.e. post dredge-up processing of H and He is usually low. Note that even small changes in the yields of AGB stars due to variations in initial metallicity can significantly affect the enrichment of the ISM (after weighting by the initial mass function and star formation rate at the time these stars were formed).
We like to emphasize that AGB yields of intermediate mass stars are strongly dependent on the abundances of distinct elements (e.g. C, N, and O) in the galactic ISM from which these stars are formed. In other words, stars with initial element abundances substantially different from those listed in Table 1 have AGB yields distinct from the yields given in Tables 2-21. We will return to this important point below when model predictions are confronted with abundances observed in PNe in the Galactic disk. 
Dependence on the amount of HBB
As discussed before, HBB may prevent or slow down the formation of carbon stars by the possible destruction of newly dredged up carbon at the base of the convective envelope. Fig. 2 illustrates that for low mass AGB stars (m < 4 M ⊙ ), the effect of HBB is negligible due to the low temperature at the bottom of their envelopes (GJ). For high mass AGB stars, the effect of HBB depends on the amount of matter exposed to the high temperatures at the bottom of their envelopes, the net result being the conversion of carbon and oxygen to nitrogen. Yields of H, He, and total CNO are not affected by HBB since basically two reaction chains of the CNO-cycle are involved, i.e. the CN and ON-cycle.
We compare in Fig. 2 the resulting yields in case m HBB = 0.9 (figure labelled HBB) and 1.3 M ⊙ (no HBB), respectively. A choice of m HBB ≈ 1.3 M ⊙ or larger results in no HBB as none of the AGB stars in our model reach such high core masses. In case of HBB, the strong decrease of the carbon and strong increase in the nitrogen yield can be seen at masses at m > ∼ 4 − 5 M ⊙ . In the no HBB case, the stellar yields of carbon are seen to dominate the total CNO-yields over the entire mass range. The effect of changing m HBB from 0.8 to 0.9 M ⊙ is that HBB operates in stars of initial mass > ∼ 5 M ⊙ instead of > ∼ 4 M ⊙ . Since m HBB = 0.9 M ⊙ provides a reasonable upper limit to the minimum stellar mass experiencing HBB, we have included in Tables 22-31 12 C, 13 C, 14 N, and 16 O yields for stars more massive than 4 M ⊙ in case of the standard model with m HBB = 0.9 M ⊙ (pre-AGB are as given at the corresponding metallicities in Tables 2-21 ). These yields include the minimum effect of HBB as inferred from the observations and are somewhat smaller than those given by the standard model (i.e. m HBB = 0.8 M ⊙ ).
As discussed earlier, the default choice of m HBB = 0.8 M ⊙ is based on our implementation of the RV α = 2 model but appears consistent with recent observations of HBB in AGB stars both in the SMC and LMC as well as recent model calculations on massive AGB stars. In any case, HBB is required to explain observations. More observations are needed to investigate any dependence of HBB on metallicity.
Dependence on third dredge up efficiency
We consider in Fig. 2 AGB yields for third dredge-up efficiencies λ = 0.6 and 0.9 (i.e. the range allowed for by the observations; GJ). Stellar yields increase substantially when λ is increased, i.e. enhancing the amount of carbon and helium that is dredged-up and added to the stellar envelope after each thermal pulse. In addition, the composition of dredged-up material may be strongly affected by HBB, in particular for high mass stars. In other words, increasing λ leads to an increase in the carbon yields for low mass stars and to an increase in nitrogen for high mass stars. Furthermore, helium yields increase for all stars with initial masses above ≈ 1.5 M ⊙ which corresponds to the limit of M and λ are of crucial importance for the formation of carbon stars. We like to emphasize that the parameter value ranges consistent with the observations are rather narrow and are mutually correlated (e.g. in case of M min c and λ).
Dependence on pre-AGB evolution
In GJ and GHJ the description of the pre-thermal pulsing AGB evolution was taken from recipes in the literature or fits made to published results. An alternative approach is to directly use stellar evolution tracks, as is done in this study (see above).
In Fig. 3 , we compare for Z = 0.02 and 0.001 the resulting AGB yields in the case of pre-AGB evolution according to the evolution tracks described above with those computed following the recipes from GJ/GHJ. In both cases, the initial stellar composition has been adopted from the Geneva group to comply with the stellar evolution tracks prior to the AGB.
Differences between the two sets of yields are found to be very small except for hydrogen and helium where the GJ/GHJ approach predicts higher yields for massive stars. This is traced back to differences in the treatment of the second dredge-up process. We list in Table 32 the corresponding total AGB yields of H and He for the synthetic GJ/GHJ model (initial metallicities as before). These modified yields can be used when the effect of 2nd dredge up is expected to be more pronounced than that given by the Geneva group (see below). The larger yields also imply higher helium abundances which has interesting consequences for the predicted helium abundances in planetary nebulae (see Sect. 5).
We find that pre-AGB evolution for stars born with metallicity Z = 0.02 is in general unimportant for the total yields of AGB stars, except in case of helium and hydrogen. This confirms our earlier statement that the thermal pulsing AGB is the most important phase in determining the yields of intermediate mass stars (even though initial stellar abundances, effects of overshooting, mixing, and pre-AGB evolution can play a significant role).
Conclusion
We conclude that the resulting AGB yields are most sensitive to the mass loss parameter η AGB , the effect of HBB, and the initial stellar abundances. Variations in the remaining model parameters result in stellar yields not substantially different from those predicted by the standard model with η AGB = 4, M min c = 0.58 M ⊙ , λ = 0.75, and m HBB = 0.8 M ⊙ . Stellar yields for model parameters distinct from that used for the standard model (e.g. η AGB , HBB, or initial abundances) are available upon request. We like to emphasize that small differences in the predicted AGB yields may be important when integrating over the initial mass function in galactic chemical evolution models.
Discussion

Comparison with RV
We compare in Fig. 3 the yields predicted by the standard model with those given by RV for stars formed with initial metallicities Z = 0.02 (Y = 0.28) and Z = 0.004 (Y = 0.232), respectively. We take into account the observational fact that HBB takes place in stars more massive than ∼3.5 M ⊙ . Accordingly, we use the yields given by RV in case Z = 0.02 with α = 2.0 for m > 3.3 M ⊙ and α = 0.0 for m < ∼ 3 M ⊙ (i.e. their tables 3e and 3a, respectively). Similarly, we use their yields in case Z = 0.004 with α = 1.5 for m > 3.25 M ⊙ and α = 0.0 for m < 3 M ⊙ (i.e. their tables 3i and 3h). For Z=0.004 RV did not tabulate results for α = 2. Fig. 3 shows that the standard model (pre-AGB evolution as described in Sect. 3) results in yields which differ from the selected yields of RV within a factor 2−3. The standard model predicts larger yields predominantly for AGB stars with m < ∼ 4 M ⊙ in case of carbon and oxygen, and for AGB stars more massive than ∼3.25 M ⊙ in case of nitrogen. In this comparison, we have neglected the effect on the resulting yields of differences (up to ∼ 25 %) in the initial C, N, and O abundances between the standard model and that of RV.
It was derived in GJ that η AGB > ∼ 3 is needed to fit the observed initial-final mass relation for stars in the Galactic disk (see Weidemann & Koester 1983) . However, the selected yields of RV were computed for η AGB = 0.33 while for the standard model η AGB = 4. Therefore, due to the high mass loss rates of AGB stars much fewer thermal pulses on the AGB occur in the standard model compared to the RV models. The main part of the observed differences between the yields predicted by the standard model and those of RV are probably due to this effect (apart from differences in the detailed description of evolution along the AGB, in particular the efficiency of third dredge-up).
In conclusion, we find that the selected yields given by RV differ from those predicted by the standard model by a factor 2−3. In particular, for high mass AGB stars (m > ∼ 3.5 M ⊙ ), the effect of HBB on the nitrogen yields for the selected RV models is much larger than that for the standard model. This suggests that values of the mixing length parameter α < 2 may be more appropriate for massive AGB stars as we will argue below.
AGB stars and the enrichment of the galactic ISM
We have presented the yields of intermediate mass AGB stars for appropriate ranges in mass, initial composition, mass loss parameter η AGB , and effects of second dredge-up and HBB. We have shown that the yields of such stars are determined by their final stages and are important for the carbon and nitrogen enrichment of the Galactic disk ISM. In particular, AGB stars account probably for more than 90 % of the interstellar nitrogen in the disk (depending on the shape of the IMF at low and intermediate mass stars).
From the results presented in GJ and GHJ, we argued that the standard model with η AGB ∼ 4 provides a reasonable approximation of the yields of intermediate mass AGB stars in the Galactic disk and the Large Magellanic Cloud. These systems have a metallicity that differ by only a factor of 2 (e.g. Russell & Dopita 1992) . In galaxies with a substantial lower metallicity, one may expect a lower value of η AGB to be more appropriate. We like to emphasize that using a fixed value of η AGB does not necessarily mean identical mass loss rates as two stars of the same initial mass evolve differently in the synthetic model due to the explicit metallicity dependence of the recipes used.
Direct observational information on the metallicity dependence of mass loss and element yields in AGB stars is rare. In , the spectral energy distributions and 8-13 µm spectra of three long-period variables (one each in the SMC, LMC and Galaxy) with roughly the same period were fitted. From the derived ratios of the dust optical depths in these stars, it was argued that the mass loss rates of AGB stars in the Galaxy, LMC, and SMC are roughly in the ratio of 4:3:1. This corroborates that η AGB could be similar for AGB stars in the Galaxy and LMC. Furthermore, this suggests that for AGB stars in low metallicity systems like the SMC (Z ≤ 0.004), values of η AGB ≈ 1−2 may be more appropriate.
Comparison with PN abundances observed in the Galactic disk
In GHJ we compared the mean abundances in the envelopes of AGB stars predicted by the standard model with the abundances observed in PNe in the Galactic disk.
Here we repeat part of this analysis with improved model input and put emphasis on the differences in the description of pre-AGB evolution between the Geneva models and that outlined in GJ. In particular, we consider in more detail the effects of second dredge-up and HBB on the predicted abundances and address the uncertainties involved.
In the model, the abundances within PNe are estimated by averaging the abundances in the ejecta of AGB stars over the final τ PN = 25000 yr (e.g. Pottasch 1995) . We neglect any changes in the ejected shell abundances during the post-AGB phase, e.g. due to a late thermal pulse (Schönberner 1983) , which is expected to be a rare event, or due to selective element depletion by dust formation. The latter process may affect the composition both in the wind of an AGB star and during the post-AGB phase (e.g. Bond 1992; van Winckel et al. 1992 ) but is neglected here for simplicity.
We assume an upper mass limit of 8 M ⊙ for stars that ultimately can become a PN (with final core mass less than ∼1.2 M ⊙ ) and ignore the possibility that not all our model AGB stars will become PNe. In fact, some of the low-mass AGB stars may evolve so slowly during the post-AGB phase that the material previously collected in the wind is dispersed before the central star has become hot enough to ionize this material. Also, the upper mass limit for AGB stars is matter of debate and may range between 6 and ∼ 9 M ⊙ , depending on the critical mass for carbon ignition in an electron degenerate core and on details of the stellar mass-loss scenario (cf. GJ; Vassiliadis & Wood 1993; Hashimoto et al. 1993) . Furthermore, we assume a constant value of τ PN = 25000 yr. In reality, the time during which the mass accumulated in a PN has been swept up on the AGB may depend on the mass and initial composition of the progenitor. Nevertheless, we do not expect that these simplifications will alter our qualitative conclusions given below.
The observed PNe abundances are taken from various sources, i.e. mainly from Aller & Cryzack (1983) , Zuckerman & Aller (1986) , Aller & Keyes (1987) , and Kaler et al. (1990) . The few halo PNe are excluded as the present comparison concentrates on AGB stars in the Galactic disk. Errors in the observed abundances are typically 0.015 in He/H and about 0.2−0.25 dex in all other ratios considered in Fig. 4 .
The PNe nowadays observed in the Galactic disk probably originate from AGB stars covering a wide range in initial mass, i.e. ∼0.85−8 M ⊙ . This means that the progenitors of these PNe were formed at galactic ages ranging from about 10−15 Gyr to 50 Myr ago (see e.g. Schaller et al. 1992) . Therefore, the initial element abundances of these PN progenitors are expected to differ considerably since the enrichment of the Galactic disk ISM over this time interval has been substantial (e.g. Twarog 1980; Edvardsson et al. 1993) . When comparing the abundances predicted in the envelopes of final stage AGB stars with those observed in PNe, we take this important effect into account by incorporating a self-consistent model for the chemical evolution of the Galactic disk (van den Hoek et al. 1996; GHJ) . Since the metallicity dependent AGB yields and the resulting chemical evolution of the Galactic disk are mutually dependent, an iterative solution method was applied. The adopted star formation history (SFR) Fig. 4 . Planetary nebulae abundances (by number) predicted by the standard model with pre-AGB evolution according to the Geneva tracks (solid curves) and according to the recipes outlined in Sect. 3 (dotted curves). The latter model without HBB is shown for comparison (dashed curves). Abundances observed in PNe in the Galactic disk are shown by open circles (data mainly from Aller & Cryzack (1983) , Zuckerman & Aller (1986) , Aller & Keyes (1987) , and Kaler et al. (1990) ). Typical errors in the observations are indicated at the bottom right corner of each panel and initial mass function (IMF) in this model were derived using observational constraints to the abundanceabundance variations with age of stars in the solar neighbourhood, the metallicity and age distributions of longliving stars as well as constraints to the current space density and formation rate of several post-main-sequence star populations.
Resulting abundance-ratios (by number) in PNe are shown in Fig. 4 in case of the standard model assuming pre-AGB evolution according to the Geneva tracks (Tables 2−21). We verified that the resulting abundances are insensitive to the adopted PN lifetime up to τ PN = 50000 yr. In general, good agreement is found between the observed and predicted PN abundances despite the uncertainties involved. We find that the overall trend of the observations is reproduced well by the standard model independent of the adopted chemical enrichment history of the Galactic disk. However, some discrepancies are present between the standard model (with pre-AGB evolution according to the Geneva tracks) and the observations, in particular at large values of He/H > ∼ 0.15.
For comparison, we show in Fig. 4 the PN abundances predicted by the standard model with pre-AGB evolution according to the recipes outlined in Sect. 3. In this case, the enhanced effect of second dredge-up can account for massive AGB stars with He/H up to ∼0.18 in their envelopes. This suggests that second dredge-up has been relatively important at least for some of the PNe in our sample with He/H < ∼ 0.15. Alternatively, a substantial fraction of the hydrogen contained in the outer envelope may have turned into helium. Since PNe may evolve from a H and/or He-shell burning AGB star, this will determine the distribution of He/H abundance ratios observed for a given progenitor mass. We have included in Table 32 the yields of H and He for the standard model with second dredge-up as described by RV (cf. Sect. 3.2) which provides reasonable agreement with the observed PN abundances of He/H up to ∼0.2, in particular for the more massive PNe.
The effect of HBB on the predicted abundances can be seen in Fig. 4 by comparison of the standard model with m HBB = 0.8 and 1.3 M ⊙ (i.e. no HBB), respectively. Our results indicate that the standard model overestimates the effect of HBB on the resulting N/O abundance ratios in PNe with progenitors mass > ∼ 5−6 M ⊙ . We note that the standard model takes into account the maximum effect of HBB as described by RV so that values of the mixing length parameter α <2 in case of RV are probably more appropriate for massive AGB stars. On the other hand, models without HBB are inconsistent with the observed N/O abundances as well as with independent observations discussed in Sect. 4.2. Therefore, the range of N/O abundances observed in the envelopes of post-AGB stars allows for variations in the importance of HBB roughly covering the range from m HBB = 0.8 to 0.9 M ⊙ . In case of reduced HBB (i.e. m HBB = 0.9 M ⊙ ), the CNO yields of massive stars in Tables 22−31 are more suitable than those given for the standard model. The procedure to approximate the effect of HBB in a semi-analytical way has been described in the Appendix of GJ. Here the basic parameters were determined by fitting the RV (α = 2, η AGB = 0.33) case for which the effect of HBB is largest. Thus, as the standard model has η AGB = 4, possible effects of HBB varying with in particular mass loss were neglected. In fact, the temperature structure of the envelope is expected to change when the number of thermal pulses decreases with increasing values of η AGB . This may reduce the amount of HBB occuring in the convective envelope and affect the resulting abundances as observed for PNe with log (N/O) < ∼ −0.5 and He/H > ∼ 0.15 (cf. Fig. 4) .
We emphasize that the resulting abundances of PNe do depend strongly on the initial element abundances of their progenitors, i.e. are very sensitive to the detailed chemical enrichment of the Galactic disk. A considerable part of the scatter observed in Fig. 4 is expected to be caused (in addition to experimental errors) by substantial variations in the initial abundances of PN progenitors due to the inhomogeneous chemical evolution of the Galactic disk ISM (e.g. van den Hoek & de Jong 1996) . Furthermore, the progenitors of the PNe nowadays observed in the solar neighbourhood probably have been formed over a large range in galactocentric distance (e.g. Wielen et al. 1996) and thus with a large range in initial metallicity according to the radial abundance gradients in the disk ISM (e.g. Shaver et al. 1983 ). Therefore, we expect the agreement between the predicted and observed PN abundance-ratios to improve further when averaging over a range in initial composition for a given progenitor mass.
We conclude that the abundance-ratios predicted by the standard model are consistent with the observed abundances in virtually all the PNe in our sample when we allow for plausible variations in strength of second dredge-up and HBB.
Final remarks
The primary application of the stellar yields presented in this paper is probably in galactic chemical evolution studies.
As models with the default parameters for the mass loss on the AGB, third dredge-up efficiency, and HBB fit many constrains in our galaxy and the LMC (GJ/GHJ), the corresponding yields (Tables 2-21) are probably the most appropriate ones to use. Possible alternatives are models with less HBB (Tables 22-31) , or using the pre-AGB evolution from the synthetic model (Table 32) . We argued in Sect 5.2 that the scaling factor η AGB of the Reimers law may be different for low metallicities. To simulate this effect one may want to use the yields for models with η AGB = 2 for Z = 0.004 and η AGB = 1 for Z = 0.001 (Tables 33-38) . .000E+00 .000E+00 .000E+00 .000E+00 .000E+00 .000E+00 .000E+00 .000E+00 .00 .80 .9
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